Objective: Surgery is indicated when antibiotic treatment fails in pyogenic spondylodiscitis, which is caused by pathogens such as the Staphylococcus species. The aim of the present study was to investigate the efficacy and safety of the oblique lateral interbody fusion (OLIF) corridor approach combined with posterior pedicle screw fixation for treating pyogenic spondylodiscitis.
Introduction
S pondylodiscitis is an infection that is associated with the destruction of the intervertebral disc. Pyogenic spondylodiscitis is caused by pathogens such as the Staphylococcus species, Escherichia coli, and Mycobacterium tuberculosis. It is a rare condition, accounting for only 2%-7% of all osteomyelitis 1 . However, lately, with the increase in the number of spinal surgeries, the incidence of this condition is also on the rise 2 .
Typically, pyogenic spondylodiscitis is quite difficult to treat because the positive rate of the bacterial culture is low. Nam et al. 3 and Sundararaj et al. 4 report a 50%-60% positive rate in cultures obtained by open or fine-needle aspiration, while Valancius et al. 5 report a much lower rate of approximately 10% from fine needle biopsy. Without a confirmed positive culture, only empiric treatment with antibiotics can be used, which might have inappropriate results. Second, such infections often produce epidural abscesses or neurological symptoms, which cannot be addressed by antibiotics alone 6 . In a systematic review, Rutges et al. 7 report that treatment with antibiotics alone is ineffective in approximately 10% of patients, making surgery necessary.
Tsai et al. 8 report that early active debridement followed by treatment with antibiotics achieves better therapeutic results in cases of pyogenic spondylodiscitis. Surgical treatment is reserved for cases in which conservative treatment has failed or neurological deterioration is rapid 9 . However, the best surgical approach remains controversial. An anterior only approach debridement, a posterior only approach debridement, and a combined anterior-posterior debridement have been reported 1, [10] [11] [12] ; however, these approaches are associated with certain risks. Debridement through the posterior only approach damages the posterior structure, which finally results in instability of the spine and greater loss of sagittal balance 13 . The anterior approach has better clinical outcomes through preserving the posterior structure 14 . Conventional anterior lumbar interbody fusion (ALIF) has the potential for visceral and vascular injury, while the extremal lateral lumbar interbody fusion (XLIF) approach is associated with lumbar plexus injury risk 15 .
Oblique lateral interbody fusion (OLIF) surgery was first performed by Mayer in 1997 16 . The OLIF approach accesses the spine between the abdominal anterior vessel and the psoas muscle (PM). Lumbar plexus and vessel injury are unlikely as dissection is performed between the vessel and the psoas muscle 15 . Thus, the OLIF approach is considered the solution to the limitations of ALIF and LLIF/XLIF 17 . The OLIF surgical approach has been widely used in lumbar disease 18 but has never been reported as a treatment approach for lumbar pyogenic spondylodiscitis.
In the present study, we retrospectively reviewed cases of single-level spontaneous pyogenic lumbar discitis that were treated in our hospital from July 2016 to June 2017 using the OLIF corridor combined with posterior internal fixation. The aim of this study is to: (i) introduce a new approach (OLIF combined with the posterior approach) for treating pyogenic spondylodiscitis; (ii) investigate the efficiency and safety of the OLIF corridor approach in treating pyogenic spondylodiscitis; and (iii) analyze the surgical sequence safety of one-stage debridement an OLIF corridor combined with posterior approach in treating pyogenic spondylodiscitis. We found that one-stage debridement with autogenous iliac bone graft through the OLIF corridor combined with posterior pedicle screw fixation is effective and safe for single-level lumbar pyogenic spondylodiscitis.
Materials and Methods

Inclusion and Exclusion Criteria
Inclusion criteria were as follows: (i) diagnosis of singlesegment pyogenic spondylodiscitis within the T 12 to L 5 areas; (ii) pyogenic infection but not tuberculosis (TB); (iii) spontaneous pyogenic spondylodiscitis with no apparent cause; (iv) progression, persistence, or recurrence of the disease despite a minimum of 6 weeks of antimicrobial therapy 9 ;
(v) surgically treated using one-stage anterior debridement, interbody fusion with autogenous iliac bone graft through the OLIF corridor, and posterior pedicle screw fixation using the Wiltse approach; (vi) with a minimal follow-up time beyond 12 months; and (vii) retrospective study.
Exclusion criteria were as follows: (i) infection diagnosed as TB; (ii) secondary pyogenic spondylodiscitis; (iii) treatment with other approaches; and (iv) postoperative follow-up time less than 12 months.
Included Patients
A total of 21 patients diagnosed with pyogenic spondylodiscitis were enrolled in our hospital from July 2016 to June 2017. Of these, 4 patients did not fulfill the inclusion criteria and 6 patients were lost to follow-up.
Lumbar pyogenic spondylodiscitis was confirmed in these patients on the basis of the following: back pain or leg pain accompanied by fever; elevation of laboratory tests (white blood cell [WBC], erythrocyte sedimentation rate [ESR], and C-reactive protein [CRP]); and the results of Xrays, CT scans, and MRI. These results were also confirmed by histopathological examination regardless of the bacteriological culture results 9 .
Surgical Procedure
Pre-surgery Preparation Preparation for surgery comprised X-rays, CT scans, and MRI of the lumbar spine. A cross-sectional MRI was used to determine the operative field between vessels (left side: abdominal aorta [AA]; right side: inferior vena cava) and the anterior medial border of the psoas muscle (PM) at the surgery level 19 .
For the clinically stable patients, antibiotic treatment was discontinued 48 h after the most recent dose had been administered before surgery to improve the positive culture rate. For the clinically unstable patients, the antibiotic treatment was continued until surgery according to the Zimmerli algorithm 20 .
Anesthesia and Surgical Position
All patients were continuously monitored during surgery using neuro-electrophysiological methods, such as somatosensory evoked potentials (SEP) and motor evoked potentials (MEP). The surgeries that were performed combined the posterior and OLIF corridor approaches. The posterior fixation was performed first, followed by oblique lateral debridement and interbody fusion. After general anesthesia, the patient was placed in the prone position. After the pedicle screws were inserted, the patient was placed in the lateral position with the nonsurgical side down. The table was adjusted to create a convex bending lumbar spine.
Posterior Approach, Exposure, and Fixation A 5-cm posterior midline incision was made in the target spinal segment, the thoracolumbar fascia was opened and entered using the Wiltse approach 21 , and the facet joints and base of the transverse process were exposed using blunt dissection. The entry point was determined according to the Roy-Camille method 22 . The pedicle screws were inserted into the affected vertebral bodies. If the intention was to resect more than half of the involved vertebral body, fixation was extended to the cephalad or caudal adjacent vertebrae with posterior fusion to ensure adequate fixation strength.
Pedicle screws were inserted and contoured rods were attached. If there was obvious local deformity, it was corrected by installing contoured rods and with appropriate distraction of the intervertebral space at the involved level.
Oblique Lateral Interbody Fusion Corridor Approach and Exposure
The patient was placed in a lateral position with the nonsurgical side down. The affected intervertebral space, the inferior edge of the rib, and the iliac crest were marked using fluoroscopy.
A 4-cm oblique incision parallel to the fiber of the external oblique abdominal muscle was made 3-4 cm anterior to the center of the affected segment. The external oblique, the intra-abdominal oblique, and the transverse abdominis muscles were bluntly dissected in the direction of their fiber orientation, and the retroperitoneal space was exposed.
The surgeon used the fingers to directly separate the peritoneal tissue. The ureter and vascular structures were identified and protected during dissection and the PM was used as an anatomic landmark. Two long, straight hooks were used to retract the abdominal organs, vessel (left: AA; right: inferior vena cava), ureter, and peritoneal tissue anteriorly to expose the PM. The anterolateral attachments of the PM were bluntly dissected from the lateral circumference of the vertebrae and discs using a periosteal elevator while carefully protecting the sympathetic chain and ensuring that the dissection was not extended to the posterior of the pedicle entrance so as to avoid irritation to the lumbar nerve root. Another two long straight hooks were used to retract the free PM posteriorly, thus finally exposing the lateral border of the vertebrae.
In some cases, para-spinal abscesses infiltrated the PM, causing it to swell and adhere to the structure around the spine. These cases required extra care when exposing the area. An incision was made between the PM and the vertebral body to drain the abscess, after which a periosteal elevator was used to dissect the PM posterior along the surface of the vertebral body.
Resection and Reconstruction
Then infectious lesions and all infected granulation tissue, devitalized discs, and sequestra were meticulously debrided, followed by precise curettage to the healthy boundary. The extent of debridement was determined by both the presurgery MRI and findings during the procedure. A healthy boundary was defined as the border between the sequestrum and bleeding cancellous bone. The debrided specimens were submitted to the laboratory for gram staining; aerobic, anaerobic and fungal culture; and histopathological examination.
The debridement field was extensively irrigated with hydrogen peroxide, povidone iodine, and normal saline. After irrigating, the surgical instruments were replaced with new ones. The vertebral body defect was then measured, and an autologous bone graft of appropriate length that was harvested from the iliac crest was punched into the defect to reconstruct the anterior column and create the interbody fusion.
Post-surgery Treatment
After the surgery, broad-spectrum intravenous antibiotics were modified for use according to the culture sensitivity test. In culture-negative cases, the previous antibiotics regime was continued. Antibiotics were used until the patient's clinical symptoms were relieved, and the inflammatory factor had returned to normal 23 .
The patient was able to ambulate immediately with the protection of a waist brace and had to be careful not to twist or bend during the first 3 months after the procedure.
Outcome Measurements
The basic characteristics of recruited patients were recorded, including gender, age, symptoms, and the infected vertebral interval level.
Peri-operative Outcomes
Peri-operative outcomes include operative time (from the beginning of skin incision to surgical closure), intraoperative blood loss (measured by the bleeding volume at the gauzes), and peri-operative complications (SEP or MEP changes, vessel injury, nerve injury, and ureter injury).
Peri-operative Laboratory Tests
Peri-operative laboratory tests included erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), white blood count (WBC), and tissue culture results. WBC, CRP, and ESR levels were assessed weekly after surgery until the results returned to normal. Cultures were also taken for bacteria and fungi.
Clinical Outcome Measurements
The visual analogue scale (VAS) scoring system was used to evaluate the pre-surgery and post-surgery pain level of patients. VAS scores were from 0 = no pain to 10 = very intense pain.
The Oswestry disability index (ODI) is one of the most commonly used condition-specific outcome measures for spinal disorders 24 . The ODI score system includes 10 sections: pain intensity, personal care, lifting, walking, sitting, standing, sleeping, sex life, social life, and traveling. For each section, the total score is 5. The score is calculated as follows: total score/(5× number of questions answered) × 100%.
Pre-surgery and post-surgery pain and disability were evaluated using the VAS score and the ODI.
Imaging Measurements
All patients underwent X-rays, CT, and MRI of the lumbar spine before surgery and X rays of the lumbar spine 1 day after surgery and again 1, 3, 6, and 12 months after surgery, and a CT scan was performed 12 months after surgery to estimate long-term complications, including recurrence, fixation failure, and bony non-fusion rates.
The extent of bone graft healing was evaluated using the method introduced by Santos et al. 25 , which indicated the presence of bony trabeculation or lack of bone lucency at the bone graft/vertebral body interface.
The absence of infection was defined as having no fever, pain, or graft bone union at the interface 12 months after surgery 26 .
Statistical Analyses
Statistical analyses were performed using SPSS 16.0 software (SPSS, Chicago, IL, USA). The paired t-test was used to assess the difference between the pre-surgery and postsurgery VAS scores and ODI. A P-value < 0.05 was considered statistically significant.
Results
Demographic Data
A total of 11 cases (10 males and 1 female) met the inclusion criteria; the average age was 60.7 years (range, 40-70 years), with a minimum follow-up duration of 12 months (mean duration, 18.3 months; range 13-24 months). All 11 patients were diagnosed with spontaneous pyogenic spondylodiscitis with no apparent cause; 7 patients complained of severe back pain and 4 others complained of radicular pain. A summary of the clinical characteristics and surgical parameters of the 11 patients is provide in Table 1 . 
Peri-Operative Outcome
The average duration and blood loss during surgery were 217.0 AE 91.91 min and 220.9 AE 166.10 mL, respectively.
Peri-operative Laboratory Tests
Intra-operative pus cultures were obtained for all 11 patients. In 3 patients, the causative organisms were identified as S. aureus. In 1 patient, the causative organism was Streptococcus. The cultures from the remaining 7 patients were negative but evidence of bacterial osteomyelitis was subsequently identified using histopathology.
During an average of 8.82 weeks after surgery, WBC, CPR, and ESR levels in all patients had returned to normal.
Clinical Outcome Measurements
All patients were relieved of back and radicular pain at finally follow-up. The mean VAS scores were 6.9 AE 1.4 and 0.6 AE 0.7 before surgery and at 12 months follow-up, respectively. The mean ODI were 86.6 AE 2.8 and 14.4 AE 4.3 at corresponding time points. Both the VAS and ODI at the final follow-up examination were significantly lower than those before surgery (P < 0.05, respectively) ( Table 2) .
Imaging Measurements
No screw or rod breakage were found in the X-ray or CT scan during follow up. Solid bony fusions were observed in all 11 patients at the final follow-up point (Figs 1-3) .
Complication
Intra-operative Complications
Changes in SEP and MEP were observed in 2 patients, both without post-surgery neurological deficits. No major vessels were injured during surgery. There was no ureter injury or retrograde ejaculation.
Long-term Complications
Non-union was not observed in our cases. All patients were back and radicular pain free at the final follow-up. In other words, no infections had recurred (as defined by Bernard et al.) 26 .
Discussion
L umbar pyogenic spondylodiscitis is a rare but serious disease of the spine. The goal of surgical treatment is to debride the infection, relieve the symptoms, reconstruct spinal stability, and obtain microbial specimens 13 . Thorough debridement following bone grafting and internal fixation is the current standard surgical protocol, but the choice of surgical approach, the surgical stage, and the duration of antibiotics administration remain controversial.
Orthopaedists are most familiar with the posterior surgical approach, making it the most common procedure for treating pyogenic spondylodiscitis 27 ; however, a recent systematic review found that the anterior approach for debridement of the lesion could achieve better clinical results 7 . Many surgeons prefer anterior debridement through the ALIF or XLIF corridor followed by a posterior stabilization procedure 9 ; however, these anterior or posterior debriding approaches have certain risks. Finding a safer approach is vital in the treatment of pyogenic spondylodiscitis.
The fairly new oblique lateral approach was first introduced by Mayer 16 and uses the natural space between the lateral border of the abdominal vessel (left side: aorta (AA) and right side: inferior vena cava), and the anterior medial border of the psoas muscle (PM). This approach has been widely used to treat lumbar disc disease 28 , lumbar spondylolisthesis 29 , degenerative scoliosis 30 , and adjacent segment degeneration 31 ; however, its application in lumbar pyogenic spondylodiscitis has not been illuminated.
This study might be the first to report on debridement and fusion through the OLIF corridor combined with placement of posterior pedicle screws in lumbar pyogenic spondylodiscitis for which antibiotic treatment failed with a minimum follow up of 12 months after the procedure.
In our study, there were no severe nerve or vascular injuries during surgery; only MEP and SEP changes were observed during surgeries, which did not have any negative consequences. After 12 months, the follow-up examinations revealed that VAS and ODI scores had significantly improved over those before surgery. There was no recurrence of infection and 100% consolidated fusion was achieved, which suggests that anterior debridement and fusion through the OLIF corridor combined with posterior pedicle screws is safe and effective in treating lumbar pyogenic spondylodiscitis for which antibiotic treatment has failed. 
Oblique Lateral Interbody Fusion Corridor Advantages Compared with Posterior-only Approach
Anterior debridement and fusion through the OLIF corridor has several advantages over the conventional posterior approach, as outlined below.
Complete Debridement
The pathoanatomy of pyogenic vertebral osteomyelitis is typically anterior to the neural contents; therefore, the lesion cannot be fully exposed using the posterior approach, which might result in inadequate debridement. Yang et al. 32 and Lu et al. 33 reported 86% and 92% infection control rates, respectively, using the posterior approach alone. Having to use drainage during posterior debriding to reduce the recurrence rate of infection implies that debridement via the single posterior approach is not sufficient 34 . To reduce the recurrence rate, many orthopaedists have suggested radical debridement using the posterior approach, which theoretically results in excessive removal of healthy bone 10, [35] [36] [37] . Exposing via the OLIF corridor, the lesion can be clearly viewed and debrided up to the healthy bone, which results in precise debridement without any residual lesion or excessive removal of healthy bone. In our study, the infections were eliminated in all patients, which suggested that the lesion was precisely and completely debrided. Preserving the Posterior Stable Structure Some authors have reported performing posterior approach debridement to the anterior lesion in the vertebral osteomyelitis cases 36, 37 ; however, we question this approach because in cases of infection, the anterior structure of the vertebral body have been destroyed by bacteria, making the spine unstable. To achieve a thorough debridement through the posterior approach, the posterior structures, such as the lamina, the articular process, and the posterior ligamental complex, must be removed, which would further damage the structure of the spine. It has been found that the posterior structures of the spine are essential for preserving the longterm spinal stability when the anterior column is disrupted 38 . Debridement and fusion via the OLIF corridor approach combined with posterior pedicle screw fixation using the Wilste approach completely preserves the posterior spinal structures, which most likely benefits the long-term spinal stability.
Massive Tricortical Structural Bone Grafting Results in Better Fusion
Because of the exposure limitations of the posterior surgery approach, it is difficult to select an appropriate graft size to achieve sufficient anterior support. In an OLIF corridor approach, the size of the debridement area can be directly measured, after which the appropriately sized of tricortical autogenous bone graft to be harvested from the iliac crest to fill in the defect can better stabilize the anterior column (Figs 1 and 2) , resulting in faster fusion. McAfee et al. 39 found that anterior interbody fusion cages showed an early continuous bone bridge (sentinel sign). Dai et al. 40 and Duarte and Vaccaro 9 reported that anterior bone grafts fuse faster and more completely. In our study, the bone grafts in all patients were fused within 12 months after surgery, which was comparable to the results presented in previous reports 9, 41 .
Decreased Risk of Post-surgery Central Nervous System Infection Some studies have stated that the risk of a dural tear during posterior surgery was from 1.6% 42 to 8% 43 . Debriding the anterior lesion using the posterior approach invades the spinal canal, which increases the risk of infection to the central nervous system after a durotomy. Because the incidence of spondylodiscitis is low, there are no reports of postsurgery infections of the central nervous system during spondylodiscitis. Many surgeons prefer not to invade the posterior tissue to expose infected tissue and instead perform an initial anterior debridement followed by a posterior stabilization procedure 9 . We believe that surgery for spondylodiscitis using the posterior approach theoretically increases the risk of intracranial infection when there is a dural tear. Debridement of spondylodiscitis using the OLIF corridor approach results in minimal invasion of the structure of the spinal canal, and the risk of infection of the central nervous system from a dural rupture is theoretically reduced.
Decreased Trauma
Posterior debridement requires more exposure to spinal tissues and structures; therefore, it is more traumatic and time consuming than anterior debridement. Gorensek et al. 35 reported that the average blood loss during surgery and surgery time were 1150 mL and 207 min, respectively, using the single posterior approach for debridement and fusion of pyogenic osteomyelitis. In our study, blood loss during surgery was 220 mL, much less than that noted in previous studies, while the average surgery duration was 217 min, which was comparable to that noted in previous studies. The results of our study suggest that although the combined anteriorposterior approach added a step to the single posterior approach, it results in less bleeding without an increase in surgery duration.
Oblique Lateral Interbody Fusion Corridor Advantages Compared with Anterior Lumbar Interbody Fusion or Extremal Lateral Lumbar interbody fusion
Debridement and interbody fusion through the OLIF corridor also has advantages over the conventional ALIF or XLIF approach. The conventional approach through the ALIF corridor has less potential for injury to the lumbar plexus; however, it increases the risk of injury to major vessels from 1.9% to 4.6% 44, 45 . However, the approach through the XLIF corridor is associated with a lower risk of injury to the blood vessels 46 but an increased risk of nerve damage, from 3.4% to 42% 47, 48 . Debridement through the OLIF corridor balances these risk factors of the other approaches very well. Different from the XLIF corridor, surgery through the OLIF corridor uses the natural space between the PM and vessels without invading the lumbar plexus in the PM. Silvestre et al. reported that the risk to the peripheral nerve injury was lower in OLIF surgery, accounting for only 2.7% 49 . Lee et al. 50 and Miscuis et al. 51 report that surgery through the OLIF corridor could be safely conducted without electrophysiological monitoring. By monitoring the nerves during surgery in our study, we also confirmed that although two patients had potential nerve changes, there were no neural consequences after surgery. When compared with the conventional ALIF technique, the OLIF corridor approach uses the intervertebral space posterior to the AA without dissecting it, which can, thus, dramatically reduce the risk of injury to large blood vessels 52 . In our study, no significant vascular injury was observed during surgery, which suggests that the OLIF corridor approach is safe for the blood vessels.
Surgical Sequence
Controversy remains over whether internal fixation should be done in a single stage or in two stages after debridement of the infected area. Some surgeons are concerned that onestage internal fixation increases the risk of re-infection 52, 53 ; however, several clinical follow-up studies have confirmed that one-stage debridement combined with posterior internal iliac bone graft 54 or titanium mesh fusion 55 did not increase the recurrence rate of infection after surgery.
We completed the surgeries in one stage and preferred posterior pedicle screw fixation followed by anterior debridement and fusion. There were three advantages to this procedure. First, in patients with severe vertebral destruction and kyphosis, the local deformity is corrected through posterior distraction, which also facilitates anterior debridement in narrow space cases. Second, posterior fixation being done first does not directly expose the screws to the infected surgical field, which reduces the risk of infection to the structure. Third, the procedure avoids incorrect screw trajectory. When completing anterior debriding and fusion followed by posterior screw insertion, it is possible for the posterior pedicle screw to be inserted at an incorrect trajectory, making the large bone graft protrude out of the defected vertebral area. This is avoided by performing the posterior fixation first (Fig. 1) .
Our study showed that after a minimum of 12 months of follow up, there were no signs of infection and bony fusion was stable, which confirmed that one-stage anterior surgery debridement and intervertebral fusion through the OLIF corridor and posterior internal fixation is, indeed, useful and does not increase the recurrence rate of infection.
Limitations
There are several limitations of this study. First, the sample number is small: we examined only 11 cases, the results of which might not be generalized. Larger randomized control trials are necessary to analyze the outcomes of the suggested method in treating lumbar pyogenic spondylodiscitis. Second, this is a retrospective study, the nature of which lacks a random assignment of subjects and does not allow for the enrolled patients to undergo different treatment methods for subsequent comparison of clinical outcomes. The benefit of this treatment should be rigorously evaluated using a large patient population with prospectively controlled comparison groups.
Conclusion
Single-stage debridement with autogenous iliac bone graft through the OLIF corridor and posterior pedicle screw fixation using the Wiltse approach is an alternative method by which to treat pyogenic spondylodiscitis when antibiotics have failed, with less trauma, blood loss, and fewer complications than with the traditional approaches and with comparable surgery duration, which suggests that this approach is effective and safe for treating single-level lumbar pyogenic spondylodiscitis after antibiotic treatment has failed.
